ince the beginning of industrialization, energy consumption has increased considerably more rapidly than the world population. In addition to the limited resources, exhaust gases resulting from the combustion of fossil fuels have adverse effects on the world climate and the health of its population. Sustainable and socially acceptable development is, therefore, only possible if more rational and technologically advanced use of conventional energy carriers is combined with an increasing contribution of renewable energy sources to the total energy consumption. Renewable energies are characterized by a diversity of resources and technologies for power ranging from a few Watts to hundreds of Megawatts. Their characteristic technologies, their potential and their present/future cost structures are described in this paper. These technologies can be adapted to any kind of energy service and are compatible with modern energy supply systems. With extended networks of centralized and decentralized power plants and heat supply systems, security of supply can be ensured. Because of the foreseeable increase in conventional energy prizes, a forceful strategy for accelerated introduction of renewable energy sources is not only a requirement for sustainable growth, but also an economically sound policy.
Energy plays a crucial role in sustainable development. The way it is available influences all fields of social, economical, and political activities; the state of the environment and the climate are influenced by it, and often it determines whether nations will live in peace or conflict with each other. Accordingly, 'the use of energy is only sustainable when the sufficient and permanent availability of suitable energy resources is assured, while at the same time, the detrimental effects of supplying, transporting, and using energy are limited. ' (BMU/UBA, 2002) . If today's energy supply is measured on the basis of sustainability guidelines, then major deficits can be identified:
. excessive consumption of finite energy resources;
. the looming changes in the global climate;
. extremely large differences in energy consumption between the industrialized countries and developing countries; . risks associated with the extensive use of nuclear power.
Limits of Fossil Fuels: The Motor of Today's Global Economy
Since the beginning of industrialization, energy consumption has increased far more rapidly than the number of people on the planet. Whereas the world population has quadrupled since 1870, to 6 billion at present, the world-wide energy consumption, and therefore the consumption of fossil resources in the form of coal, oil, and natural gas, has increased by a factor of 60 to the present level of 425 EJ/y, i.e., 425 . 10 15 kJ/y (Figure 1 ). The average person today consumes fifteen times more energy than a person 130 years ago. Temporary drops in the past, caused e.g., by the two world wars, the oil-price crises, or the serious decline of industrial production in the states of the former Soviet Union, interrupted this upwards trend in growth only for short periods of time. The current rapid increase in energy consumption started about 1950; the energy consumption world-wide doubled between 1970 and 2000. No fundamental change of this growth trend is expected in the foreseeable future.
Currently, renewable energy (including traditional use of biomass) meets 13.5% of the world energy consumption. Without considering the ecologically problematic use of firewood in the less-developed countries, this value is reduced to about 4.5% ( Figure 2 ). All 'new' renewables (wind, modern biomass, geothermal, solar) contribute with 2.3%, the same amount as hydro-power, alone. Nuclear power meets 6.9% of the demand. Thus some 80% of the world's energy supply is based on finite fossil energy carriers such as coal, mineral oil, and natural gas; in commercial applications this figure is as high as 88%. It is hence obvious that, even in the event of rapid changes in the energy supply structure, fossil-based energy will still be needed for decades to come, and in a meantime possibly to an even greater extent than today.
In the global electricity production about 18% is generated from renewable energy sources. Hydropower is here the dominating source with a share of 16% of electricity generated.
The present 'reserves' of available fossil sources amount to some 34 000 EJ (status 2001), equivalent to approximately eighty times the present world energy consumption per year (Figure 3 ), but only 2.4 times the total quantity of fossil energy already consumed. Coal constitutes more than 60% of these reserves. Conventional mineral oil constitutes 20% of the remaining reserves, and is therefore the most-exploited energy carrier of all the fossil energy sources. Comparing this fact with the major significance assigned to mineral oil, with a 35% share of the global energy supply, it becomes clear that, in the foreseeable future, we will also have to resort to exploiting non-conventional oil reserves, such as heavy oil, oil shale, oil sands, and other costly resources, if we are to continue meeting the (still increasing) demand in the future. The total 'resources' of fossil sources (without taking into account the very uncertain data about gas aquifers and gas hydrates) are estimated at around additional 145 000 EJ, from which coal alone represents 80% (BGR, 2003) .
The world-wide maximum in mineral oil productionthe so-called 'mid-depletion point' -is expected to be reached in the next 10 to 20 years. The price of crude oil is very likely to increase considerably by the latest at this point in time. Natural gas alone cannot make up for the deficits, and the reserves of unconventional oil are always more expensive. Also, the reserves of mineral oil and natural gas are distributed very unequally over the globe. More than 70% of these reserves are to be found within the 'strategic ellipse' of countries extending from Saudi Arabia in the south, over Iraq and Iran, up to Russia. Considering these two facts together, then it becomes very apparent how explosive the supply situation for the 'energy-hungry West' may become in the foreseeable future.
The Global Climate is Becoming Unbalanced
We will not be forced to change our energy usage habits only because of the depletion of fossil energy resources. It is more likely the limited capacity of the environment to absorb the waste products of our energy consumption which will demand resolute actions towards a more sustainable energy economy. This condition applies primarily for products released into the atmosphere. During the combustion of fossil energy carriers, pollutants like sulphur dioxide and nitrogen oxide are formed which contribute to the formation of acid rain. Besides these emissions, often referred to as the 'classic' air pollutants, carbon dioxide is always emitted during the combustion of fossil fuels. Although this gas is not toxic for organisms, it has the detrimental effect of boosting the greenhouse effect and thereby increasing the mean global temperature in the lower atmosphere. Since the beginning of industrialization, the concentration of carbon dioxide in the atmosphere has risen by IPCC, 2002) . Along with the temperature increase, changes in the distribution of precipitation, an increase in the frequency of extreme weather conditions, a shift in climate and vegetation zones, and a degradation of soil quality are to be expected with fatal results for the already strained global nutritional situation. Changes in the climate are natural phenomena and have often occurred in the geological history of the earth. However, the menacing aspect of the present changes is that they are too fast and too abrupt. Human civilizations and the environment will not have sufficient time to adapt to such rapidly changing conditions. Energy-related CO 2 emissions contribute to about half of the man-made greenhouse effect. The efforts of climate protection activities are, therefore, focussing on reducing these emissions. The current increase of some 23.5 billion tonnes of CO 2 /y, resulting from the steadily growing global energy consumption has led to the emission of a total of 1000 billion tonnes of additional CO 2 into the atmosphere since the beginning of industrialization, 80% of this amount was emitted in the last 50 years. To keep the temperature rise within reasonable limits, the current concentration of CO 2 in the atmosphere of around 360 ppm must not be allowed to rise above 500 ppm before the end of this century (Figure 4 ). To comply with this target, it is essential that the world-wide energy-related CO 2 emissions are reduced to less than half the present amount by the year 2100. To meet this goal, the industrialised countries will have to reduce their national CO 2 emissions by about 80% of the 1990 values by the year 2050. If instead we assume a continued unlimited coverage of our growing energy consumption by predominantly fossil-based energy, then the CO 2 emissions will rise considerably and the resulting temperature changes will reach uncontrollable values, as shown in the IPCC scenario 'A1FI'. During the next few decades, an effective combination of technologies is therefore needed to achieve a more efficient energy usage in all sectors, as well as CO 2 -free or low-CO 2 energy conversion technologies, to keep the climate changes already taking place within tolerable limits.
Energy-Squanderers and Energy Have-Nots: An Explosive Situation
A further severe sustainability problem is the huge disparity in energy consumption between industrialized and developing countries, which has increased rather than decreased in recent years. Today, 24% of the world population in the industrialized countries consume 65% of the conventional energy carriers and 75% of the electricity. The discrepancies are even more extreme when looking at individual countries ( Figure 5 ). The per-capita energy consumption of a North American citizen is 15 times higher than that of an African (a factor of 30 for commercial energy carriers), and five times above the world average. The inhabitants of the poorest countries, like Yemen, Niger, and Bangladesh, have to survive with just one hundredth of the energy consumption of a North American. The percapita energy consumption in Europe and Japan is about 50% lower than in North America, indicating that prosperity is not directly linked to a high level of energy consumption. However, the average energy consumption of about 155 GJ per capita and year in Europe is still 2.5 times higher than the world average.
Even a partial compensation for the grave differences in the use of energy, which is absolutely necessary to address social sustainability, unavoidably leads to a further growth in the world energy demand. Since the type and extent of energy consumption in the industrialized countries is considered desirable in the poorer countries, because of the considerable prosperity associated with it, these countries are moving into the same resource-consuming direction, thereby further increasing the deficits in sustainability. It is, therefore, mandatory to make fundamental changes to the way in which we deal with energy in general, if we want to have any chance to keep the pre-programmed increase in the global energy consumption within limits and at the same time, reduce the use of fossil fuels with their inherent environmental problems.
The Principal Ways Towards a Sustainable Energy Economy
There are three basic strategic elements supporting the necessary re-structuring of the energy supply system:
. Efficiency: Energy is needed for certain duties such as food and materials processing, heating and cooling, illumination, and transport. During the conversion of primary energy to such services, energy carriers run through several stages, all of which are associated with exergy losses. These losses can be reduced considerably by modern conversion technologies and energy management techniques. Besides increased efficiency in energy conversion and more rational use of energy in all equipment, the substitution of high grade energy by less valuable energy must also part of this strategy (e.g., replacing electricity used for heating rooms by heat from cogeneration or through improved thermal insulation). . Consistency: Currently, fossil and nuclear energy resources are taken from beneath the surface of the earth, yet their conversion products are disposed of in the environment. The present energy system is 'open'. Ultimately, only 'closed' systems are sustainable, which provide energy without the consumption of raw materials and always return the material to the energy cycle. Energy systems that use relatively small amounts of the natural energy cycles driven by the sun, by gravitation, or by geothermal heat are very close to this ideal. The materials generally employed for these processes (like e.g., solar collectors) can be recycled to a great extent since they are not contaminated or otherwise modified in an irreversible way; thus they are not 'consumed' in the sense of fossil or nuclear energies. . Sufficiency: Energy needs depend significantly on lifestyle and consumer habits. The scope for personal responsibility is large, ranging from a deliberate renunciation of energy-intensive products or exaggerated mobility to an intelligent assortment of food and transportation means. Becoming aware that habits calling for 'further, faster, and more' will not be sustainable in the long run, a change of values in the industrial countries towards 'living better instead of having more' would have a considerable influence on future energy demand.
None of these elements alone can ensure success-they are complementary and only through their close interaction can sustainability goals be met. Significant reduction of energy consumption and a more efficient use of energy sources are required to allow renewable energy to provide a reasonable share of energy demand in a cost-effective way. Nevertheless, as we do not envisage a 'zero-energy society', the sustainable use of renewable energies is the only dependable guarantor for a secure future energy supply. For thousands of years, mankind relied exclusively on renewable sources of energy, even though at a very low level and with low efficiency. Compared with our ancestors, we now have technologies which will allow us to utilize renewable energies at the same high level as presently fossil and nuclear sources. If such technologies are applied on a large scale and if the possibilities existing for reducing costs are exploited, then the associated costs will be affordable, as well. Moreover, costs must always be judged in relation to the environmental and social quality of the services provided, while also considering the external costs and damages that would result from a possible adherence to fossil and nuclear energy systems.
Based on these considerations, one must come to the conclusion that renewable energies fulfil all essential requirements for a future sustainable energy supply system (see Figure 6 ).
TECHNOLOGIES FOR THE USE OF RENEWABLES
A large number of technologies are available for using the many and various forms of renewable energy sources. They display marked differences in development progress, costs, performance, areas of application and development potential. Whereas hydro-power has been used for more than a century to generate electricity, other technologies, such as hot-dry-rock geothermal power generation, are just taking their first steps. In the field of biomass utilization, tried and tested combustion technologies exist alongside new methods based on gasification and fermentation, which have yet to find their way to final market maturity. Fluctuations in solar and wind energy make it necessary to integrate supply-dependent contributions into the electricity grid, while hydro-power and geothermal energy are able to provide energy to meet base load requirements more or less independently of meteorological conditions. The power output of individual systems varies by several orders of magnitude, from 1 kW or less for photovoltaic systems to several 100 MW for hydro-power. In most cases 'distributed' technologies will be used directly at or close to the consumer, but the future will also see large-scale applications in the form of off-shore wind parks or solar thermal power stations.
To be able to utilize the individual advantages of the different technologies as well as their synergies, the 
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MÜ LLER-STEINHAGEN and NITSCH entire spectrum of options available must be developed to market maturity and integrated step by step into the existing supply structures. For the future energy supply situation, this will provide a complementary portfolio of environmentally friendly technologies for heat and power supply, and for the provision of fuels. At the present time (BMU, 2004a, b) :
. Hydro-power is a mature technology with world-wide significant potential that has long been used for economic generation of electricity. In Europe, additional potential can be exploited primarily by modernizing and expanding existing plants. The remaining, limited cost reduction potential will probably be offset by the increasing site development problems and growing environmental requirements. It may be assumed that for small-scale systems, where power generation costs are frequently higher in any case, the necessity to comply with minimum ecological requirements will tend to involve proportionately higher costs than for large systems. . The dynamic development of wind power has established a market of relevance to the energy economy within a short period of time. However, the cost of new systems has stagnated in recent years. This is due to the continuing high level of demand and the manufacturers' considerable advance investment in the development and introduction of a succession of new systems. Nevertheless, since technical developments have led to increases in specific yield, it has been possible to reduce the specific electricity cost. At the present time, Germany is the leading country in terms of installed capacity with 16.6 GW (35% of the world's capacity) in 2004, followed by Spain (8.3 GW), USA (6.7 GW), Denmark (3.1 GW) and India (3.0 GW). Europe as a whole represents 73% of the world capacity. One possibility for further expansion in countries with high wind potential is 're-powering', i.e., replacing older, small systems by modern large systems. In 2005, a prototype 5 MW system was installed in Germany; currently the most powerful wind energy system in the world. Great additional potential can be exploited in off-shore regions. For example, more than 100 TWh/y of electricity may be generated in the German of-shore areas alone. The additional costs for foundations and grid connection are offset by higher yields, indicating that electricity prices of less than 5 cts/(kW h) will be possible in the long term. . The world-wide photovoltaic market has been growing by over 30% per annum in recent years. Nevertheless, the PV contribution to electricity supplies is still very small. Development work is focused on improving existing modules and system components and on developing new types of cells in the thin-film sector and new materials for crystalline cells. It is expected that the efficiency of commercial crystalline cells will improve to 15-20% in the next few years, and that thin-film cells using less raw material will become commercially available. The steady fall in production costs suggests that present specific system costs can be reduced to nearly 50% by the year 2010. In addition, there is considerable long-term cost reduction potential, which means that electricity prices of around 10 cents per kW h will be possible in Central Europe by 2050. Compared with other technologies for utilizing renewables, photovoltaic power must therefore be classified as long-term option. Its importance derives from its large flexibility, its great technical and economic development prospects, and its enormous technical potential. . Biomass, which is used to supply heat, generate electricity and produce biogenic fuels, accounts for more than half of the final energy produced from renewable energy sources and can be utilized with an extremely varied portfolio of technologies. The crucial factor for biomass utilization is the cost of the input materials, which today range from 'negative costs' for waste wood (credit for waste disposal costs avoided), through inexpensive residual materials to the more expensive energy crops. The resulting spectrum of energy generation costs is correspondingly broad. One of the most favourable options today in economic terms is the well-established use of waste wood in steam turbine (heat and) power plants. Gasification and fermentation of solid bio-fuels makes it possible to develop a considerably wider range of applications. This option, however, is not yet fully developed and still relatively expensive at present. In the long term it is expected that very favourable electricity production costs will be achieved by using wood gas both in micro CHP units (engines and fuel cells) and in combined cycle power plants. Great potential for the utilization of solid biomass also exists for heat generation in small systems and in larger heating centres and plants with local heating networks. 'Bio diesel' made from rape seed methyl ester (RME) has become increasingly important in Germany in recent years. Processes for obtaining synthetic fuels from biogenic synthesis gases will also play an increasingly important role. . Geothermal energy has long been used for supplying heat and occasionally electricity in geothermally active areas, such as New Zealand or Iceland. Intensive research and development work is still needed to utilize the full potential for geothermal electricity generation. In particular, the creation of large underground heat exchange surfaces (HDR technology) and the efficiency of heat-and-power machines with organic compounds (ORC systems) must be optimized in future projects. In November 2003 the first German geothermal power plant, with a capacity of 210 kW, went into service at Neustadt-Glewe. Geothermal power generation is still in its infancy; thus despite the present high level of costs -(some 18-20 cts/(kW h)), electricity production costs -depending on payments for additional heat supply -are expected to reduce to 6 -8 cts/(kW h) in the long term, by using more efficient drilling and simulation methods and by improving the efficiency of the electricity generation system. With the great technical supply potential for power generation of 300 TWh/y in Germany alone, it would be possible to supply the entire base load for Germany's electricity supply sector. However, in view of the ecological and economic desirable combination of heat and power generation, the electricity generation potential is limited by the heat that can be used in the energy system. Assuming a considerable expansion of heat distribution networks, the remaining potential for utilization of geothermal energy in Germany is still a considerable 66 TWh/y. (Müller-Steinhagen and Drück, 2005) . In contrast, large seasonal heat reservoirs that store heat from the summer until it is needed in the winter are only available as pilot or demonstration plants, at present. These systems can provide up to 50% of the total energy required for space heating and hot water. Crucial factors for market introduction will be low storage costs and the minimization of storage and network heat losses. In the case of systems with seasonal heat storage, the storage facility currently accounts for over 50% of the total cost. Despite the high storage costs, the solar thermal energy costs of large solar thermal systems with seasonal heat storage are not higher than for the small water heating systems. Depending on the configuration of the system, it will be possible in the long term to achieve solar thermal costs between 4 and 7 cts/(kW h) (Mangold and Müller-Steinhagen, 2001 ). . Solar-thermal power stations are using the direct component of solar radiation to generate high pressure steam or hot compressed air to feed into conventional steam/gas turbine cycles. Since the mid 1980s, solarthermal power plants with a total capacity of 354 MW have been operating successfully in the Californian Mojave dessert. The first European solar-thermal power plants are presently under construction in Spain. In a well developed common European network it will be possible to exploit the great potential of the Mediterranean countries for supplying electricity to Northern Europe. The various solar -thermal power station concepts (parabolic trough concentrators, power towers, parabolic dish concentrators, solar chimney power plants) offer good prospects for further technological development and cost reduction (Müller-Steinhagen and Trieb, 2004a, b) . One important issue is the development of large thermal energy storages to extend the operating time of these systems beyond the sunlight hours. Depending on incident solar radiation and mode of operation (e.g., power generation combined with seawater desalination), electricity production costs of below 5 cts/(kW h) are expected. Following rapid market introduction over the next two decades, the cost for imported solar electricity, including transport costs, could fall to 5.5 cts/(kW h) in central Europe) (Pitz-Paal et al., 2004) . . A whole range of other renewable energy forms such as tidal energy, wave energy and ocean thermal energy conversion can, if appropriate, be utilized with the aid of suitable technologies. Relevant systems are presently being tested in pilot plants (especially wave energy converters). . Once renewable energies will play a significant part in total energy supply, the production of hydrogen from renewables comes to the fore as an energy carrier that can be used to equalize fluctuations in electricity supplies and to tap renewable energy sources for the transport sector above and beyond the possible contribution of biogenic automotive fuels. All primary energies that can be made available in the form of electricity can be converted efficiently into hydrogen by means of electrolysis.
In the long term, hydrogen costs of around 8 cts/(kW h) can be achieved both with wind power and with electricity from solar -thermal power plants. High temperature thermo-chemical cycles for hydrogen production from concentrated solar radiation are presently under investigation. In the medium term, however, the cost barrier compared with the conventional fuel prices is difficult to overcome. Since hydrogen from renewables, owing to its production from electricity, is always some 80 -100% more expensive than the electricity itself, direct use of renewable electricity is generally to be preferred in the field of stationary energy utilization.
ENERGY AND COST CONSIDERATIONS Electricity Generation Cost
Most of the technologies employed today for the utilization of renewable energy sources are at an early stage of market development. Accordingly, the costs of electricity, heat and fuel production are higher today than the costs of competing conventional systems, see e.g., electricity generation in Figure 7 . It is, however, possible to achieve large reductions in these costs compared with established technologies by means of technical developments, manufacturing improvements and large-scale production. Especially when developing long-term scenarios spanning periods of several decades, the dynamic trend of cost developments over time plays a crucial role in identifying economically sensible expansion strategies.
The empirically observed correlation between specific investment costs and cumulative production volume can be represented for many products in the form of learning curves. The cost reduction that can be achieved by doubling 
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MÜ LLER-STEINHAGEN and NITSCH cumulative production is known as the learning factor (a learning factor f ¼ 0.90 means that costs fall by 10% if cumulative production is doubled). In order to estimate future cost trends with the aid of learning curves, technology-specific learning factors and the development of cumulative installed capacity have been determined using data obtained from the literature. The cost trends obtained from the learning curves for the various renewable energy technologies are shown in Figure 8 . In the past 20 years the development of wind energy markets has taken very different courses in different regions. In England, for example, a country where expansion of wind energy has been very hesitant to date, the learning factor is still around 0.75, which points to a sharp downward trend in costs. In Germany, by contrast, a learning factor of 0.94 was determined for wind energy systems built between 1990 and 2000. The low learning rate of 0.06 can be explained by the high level of advance investment by the manufacturers, who introduced new performance classes into the market at very short time intervals. Due to the early stage of development of the offshore wind energy sector, a greater cost reduction potential and higher learning rate is expected, here.
No learning curves for renewable energy technologies have been as closely investigated as those for the photovoltaic sector, and there is hardly another technology for which one can find such agreement in the literature: the learning factor for PV modules, taken as the mean of the figures for various module types, is fairly constant over a period of 30 years at around 0.80, which is a relatively good value. The continuation of this value is supported by the fact that it is still possible to achieve continuous increases in the efficiency of PV modules, both in the laboratory and under real conditions. In the long run, however, it must be assumed that the photovoltaic sector, too, will see a decline in the opportunities for cost reduction through technical learning, and that the learning rate will decline.
Due to the small number of solar thermal power plants built to date, it is particularly difficult to arrive at reliable learning factors for this sector. It is assumed that the learning factor of 0.88 obtained from the data for parabolic trough collectors built in California will change to 0.95 in the course of market introduction up to 2030.
Figures for the German domestic solar collector market show a learning factor of almost 0.90 for solar thermal collectors, which indicates a relatively well developed system from a technological point of view. By contrast, the construction of seasonal heat reservoirs is expected to show a long-term cost reduction of over 70%, in view of the very small market share at present, which is largely limited to demonstration systems.
For geothermal power generation systems there are no learning curves in the literature, despite a worldwide installed capacity of more than 8000 MW el . Since a large proportion of the costs will be associated with deep drilling, figures for the oil production sector may be used for drawing analogies.
A learning factor of 0.986 was determined for hydroelectric power plants built in the Organization for Economic Cooperation and Development (OECD) countries between 1975 and 1993. It may be assumed that as a result of compensating measures for nature conservation, which can amount to as much as 30% of the investment volume, the specific costs for hydro-power plants will tend to rise in the course of time, especially as the limits of their potential come closer.
From Figure 8 it can be seen that most technologies, while continuing to grow rapidly, will by the year 2020 have achieved cost reductions down to 30-60% of the current costs, and down to 20 -50% once they reach a more or less mature state (about 2050).
Energy Amortization Time
Renewable energy is largely compatible with our climate and resources, with one restriction: the installations needed to capitalise on these flows of energy must first be constructed, then operated, and finally dismantled at the end of their useful service life. Raw materials and energy are necessary for these purposes. Two parameters are used to quantify these effects on the environment and to compare it with the use of conventional energy carriers: the energetic amortization time, i.e., the time needed by an energy system to provide the same amount of energy as required for its construction, operation, and disposal; and the cumulated greenhouse gas emissions, which relate to the CO 2 -avoidance cost of renewable energy technologies. While the energy required for the construction of fossil fired or nuclear power plants is recovered within 2 to 3 months of operation, these plants never amortize in terms of their overall operation, because they require always more energy in the form of fuel than they produce in the form of electricity. Contrariwise, a multiple of the energy required for setting-up and operating renewable energy systems is produced within their operational lifetime. Table 1 shows that water, wind, and solar-thermal power plants need between 3 and 13 months for amortization of their construction energy. The production of photovoltaic cells is energy intensive; however, their useful service life is a multiple of this time period. Further progress in the production and technology of solar cells should reduce this value to between one and two years within the next decade. Similar conditions prevail for the generation of heat. This low consumption of resources is also reflected in the associated emissions of greenhouse gases. These emissions from construction of the plants (based on present energy supply structure for most renewable energy technologies, except photovoltaics) are 10-25 g CO 2 per kW h of useful energy. In the case of photovoltaic systems, reductions from the present value of 220 g CO 2 /(kW h) el are possible in the medium term to about 50 g CO 2 /(kW h) el . Values for use of biomass in heating boilers fluctuate between 20 to 65 g CO 2 per kW h th of useful energy, depending on cultivation and harvesting of the wood. Greenhouse gas emissions of fossil-based energy plants are, in contrast, considerably higher (gas combined cycle plant 500 g CO 2 /(kW h) el , coal steam plant 950 g CO 2 / (kW h) el , oil boiler 320 g CO 2 /(kW h) th , gas boiler 270 g CO 2 /(kW h) th ). If the future energy supply were to include higher proportions of renewable energy, then the emissions of greenhouse gases resulting from constructing the plants would fall even more, since more low-emission energy would then be used and technical progress would optimise the efficient and ecological production. Thus, on the ecology balance sheet, renewable energy plants can be designated as an environmentally very compatible energy technology, even when the plant construction is taken into account.
CO 2 Avoidance Costs
CO 2 avoidance costs result from the reduction of CO 2 emissions due to replacing fossil fuel based technologies by technologies based on renewable energies. Today, the CO 2 avoidance costs for electricity generation from wind energy, geothermal energy, solar thermal power plants and biomass are between 40 and 80 E/t CO 2 (Figure 9 ), whereas the avoidance costs for photovoltaic systems in Central Europe are still little short of 1000 E/t CO 2 .
However, in view of the decreasing cost of utilizing renewable energy sources and the simultaneous increase in the price of fossil heating fuels, most technologies will in the long term reach negative CO 2 avoidance costs. In other words, the use of renewable energy sources can not only reduce CO 2 emissions, but can at the same time reduce national expenditure on electricity generation.
At present the CO 2 avoidance costs of heat production in Central Europe with solar collectors are still in the region of 800 to 1000 E/t CO 2 (Figure 10 ). Significantly lower values will apply in countries with more sunshine. Nevertheless, even in Northern Europe there is significant potential for reducing avoidance costs due to mass production and use of less expensive materials. The CO 2 avoidance costs for biomass utilization are highly dependent on how heating fuel (fossil and biomass) prices develop. Heat production in a wood heating plant already results in negative CO 2 avoidance costs for wood chip prices from residual wood of around 1 ct/(kW h).
POTENTIAL AND FUTURE DEVELOPMENT OF RENEWABLE ENERGIES Global Availability of Energy
The natural energy sources from radiant solar energy, kinetic energy of wind, waves, tides, and currents in the seas, biomass which grows again every year, the potential energy of water, geothermal energy, and thermal gradients in the ocean are equivalent to about 3000 times the present world-wide energy consumption (Figure 11 ). The technical potential (small cubes in the front) can be obtained from the ability of the renewable energy sources (large cubes in the Figure 9 . CO 2 avoidance costs of electricity generation from renewable energy sources. Based on a mix of new condensing fossil-fuel power plants in line with a reference scenario. Figure 10 . CO 2 avoidance costs of heat production from renewable energy sources in Central Europe. Baseline: heat supply for a singe-family house with a mix of gas-fired condensing boiler and oil-fired low-temperature burner in line with a reference scenario. background) to provide energy in a usable form -i.e., as useful heat, electricity, and fuels for heating and propulsion purposes -for the end user.
There are various criteria to be borne in mind when determining the technical potential:
. Technical limits for efficiency, plant size, and development potential of the technologies, either currently available or in the near future. . Structural restrictions due to location dependency (e.g., geothermal energy), limited radius of transportation (e.g., biomass), availability of appropriate areas or competitive uses (e.g., solar-thermal collectors, PV cells, growing energy crops), non-existent infrastructure (e.g., lack of heat distribution networks), limited availability and reliability of the energy supply (e.g., electricity from fluctuating sources, like wind or solar irradiation). . Ecological restrictions regarding space requirements (e.g., wind power), impairments to the flow of the water (e.g., hydroelectric power), and changes in the landscape (e.g., wind power), as well as restrictions in the possible uses of biomass (e.g., remnant materials from forestry and agriculture; growing energy crops).
The suggested technical potential of renewable energy is thus not constant over time. It rather represents a cautious guideline regarding the technical feasibility within a longer-term period of consideration, and shows the potential importance of each energy source. Considering the above criteria, only a few parts per thousand (solar radiation, wind) to a few percent (biomass, geothermal energy) of the natural energy flows are suited for technical exploitation, as indicated by the front cubes in Figure 11 . Only hydro-electric power demonstrates technical exploitation in the order of 10%. Even for very stringent restrictions, the total global potential of technically usable renewable energy is about six times the current worldwide consumption of final energy. About 65% of this is provided by the radiant energy from the sun.
The availability of renewable energy differs considerably throughout the various regions of the world. In the case of solar radiation -the most abundant source -this is demonstrated using as an example the potential for solar-thermal power plants, which use concentrated solar radiation. As shown in the below map (Figure 12 ), North Africa and the Arabian Peninsula have an enormous potential for the solar-thermal generation of electricity. More than half of the world-wide potential is to be found in these areas. In North Africa alone more than a hundred times the world's electricity requirement could be provided by means of solar power plants, primarily due to the large areas available in these regions.
Each square kilometre of land at sites in North Africa could supply as much energy as a conventional coal or natural-gas power plant with an output of 50 MW and 5 -6000 full-load operation hours per year. The map in Figure 12 also shows the influence of the used criteria on the potential. Despite the many competing possibilities for land use which, especially for the countries lining the northern Mediterranean sea, lead to a substantial reduction in the potential, there is still sufficient area available in these countries to provide considerable proportions of their national electricity demand by solar-thermal power plants. The area and irradiation potential available in Spain alone would theoretically suffice to generate adequate quantities of electrical energy to meet presentday needs in Europe.
Renewable energy technologies are compatible with modern electricity supply systems which increasingly rely on distributed generation and network integration, e.g., 'virtual' power plants and district-heat supply systems. Furthermore, intercontinental grids ( Figure 13) can effectively combine the different regional resources to provide the necessary redundancy for stable supply systems. Large centres of supply can evolve at sites with abundant and thus cost-effective renewable energy resources for providing electricity (and later also renewable hydrogen) to the regions of high demand, i.e., large urban and industrial areas, by means of high voltage direct current (HVDC) transmission lines. At the same time, such centres will become regional nuclei of economic development and wealth, and will help to stabilize socio-economic structures. Most of those centres will be established in developing countries e.g., in North Africa, contributing considerably to the positive progress of our developing world. 
Prospects of Renewable Energy Sources (RES) in Europe
In December 1997, the European Commission adopted the White Paper for a Community Strategy and Action Plan, Energy for the Future: Renewable Sources of Energy. The objective is to increase RES to 12% of the EU primary energy consumption by 2010 (White Paper, 1997). In 2001 this action plan was supplemented by a directive of the European Parliament on the promotion of electricity from RES, with the target to increase the share of RES electricity generation to 22% of total EU consumption by 2010. This directive includes specific targets for the individual share of RES electricity for each EU member state.
Between 1990 and 1995 the average growth rate of RES primary energy production in the EU-15 was 2.2% per year, in the following five year period it rose already to 3.6%/y and the current growth rate amounts to 4% per year. However, the targets defined in the White Paper demand an average growth rate of 7.3%/y until 2010. A recent investigation, which monitors the progress of RES (Hamelink et al., 2002) , stated that the aspired targets will not be reached with the present policy instruments and measures. Assuming that currently existing incentives will be active in a foreseeable time, probably 80-85% of the target value may be achieved.
Substantial structural changes in an energy supply system always require long time periods. Therefore it is of crucial importance to take into account long-term considerations concerning the transformation of EU's energy supply structure in order to describe the prospects of RES appropriately. The Green Paper of the EU-commission 'Towards a European Strategy to the Security of Energy Supply' from November 2000 is based on a projection of the European energy system up to 2030 (Green Paper, 2000) . It was followed by a similar investigation for the enlarged EU-25 (EU, 2003) . Hence both can be used as a guideline for the investigation of the future role of RES in Europe. The reference scenario 'Baseline' in EU (2003) uses a business as usual development of the demographic and macro-economic assumptions and is based on the EU energy policies currently in place. The basic conditions of this scenario (e.g., tripling of GDP until 2050) lead to an increase of primary energy demand in EU-25 until 2010 of 10%, to a growing dependence on energy imports from presently 50% to 70%, and to an increase of CO 2 emissions of 7% compared to the 2000 value with 3650 Mt/y. The assumptions also imply a weak growth of RES from presently 6% to only 6.8% until 2010 (Figures 14 and 15 ; Scenario 'Baseline').
Against this background it has become clear, that the targets of the White Paper for RES-contribution in 2010 cannot be met in time, if only the present energy policy instruments are applied. Furthermore, after 2010, the growth of RES will not gain substantial momentum. Hence, the European energy policy has to take further supporting actions in the next years to accelerate market penetration of RES technologies (Nitsch et al., 2004) .
From a present point of view, the scenario 'Alternative' gives a realistic assessment of the RES contributions that may be mobilized within the next decades. It is a normative scenario which aims to reduce the specific CO 2 -emissions in Europe (EU-25) from presently 7.9 t CO 2 per capita to 3.0 t CO 2 per capita in 2050 (DLR, 2005) . For that purpose it is assumed that the existing energy policy instruments of the EU member states as well as current incentives will be strengthened and harmonized until 2010, in order to encourage an accelerated growth of RES, so that in a first step all targets of the White paper can be reached by 2010. Furthermore, electricity generation from concentrating solar thermal power plants in Southern European countries is added in the alternative scenario, which was not considered in any earlier scenario. With this, the improved conditions due to the 2003 Spanish electricity feed-in law are taken into consideration, which allows economically feasible development and operation of such power plants due to a guaranteed subsidy of 16 ct/(kW h).
The long-term development potential of RES and their significance for a future energy supply system depends decisively on the status and the growth dynamics they have reached by 2010. The already discussed reference scenario 'baseline' shows only a small growth of RES (Figures 14 and 15 ). Extrapolating this scenario to 2050, RES will at best reach a share of 10% of primary energy consumption with 9400 PJ/y. Such 'business as usual' development would offer no chance for RES to contribute significantly to climate change mitigation or prolongation of oil and gas resources.
The scenario 'Alternative' tries to balance the challenges of reaching sustainability in energy supply and the wellknown slowness in removing the numerous barriers and restraints, which are opposed to accelerated structural changes in the European energy system. It outlines the possibilities to achieve a more independent, secure and environmentally sound energy system in Europe with 'careful optimism'. This includes an efficient and quick advancement and harmonization of support mechanism for RES (as well as for saving energy) in the EU, but on the other side no excessive demands on society and economy. The contribution of RES grows continuously and meets in 2050 about 42% of total primary energy consumption with 19 600 PJ/y. Also, the enforced efforts of saving energy show a considerable impact, resulting in a total energy productivity in 2050 of 4.5 times the present value (scenario 'Baseline' factor 2.2). In particular it is assumed that the steadily growing electricity demand will be slowed down by adequate energy saving efforts. In combination with the growing RES electricity generation about 70% of electricity demand in 2050 can be met by RES (Figure 15 ). RES contributions to the heat and fuel market are growing somewhat slower. The activities within the Alternative Scenario correspond mainly to the minimum level of technically feasible changes. CO 2 emissions in 2050 are reduced to 1360 Mt/y, or 37% of the current value. This is an important and large step to an effective CO 2 abatement policy. Also the dependency on imports of crude oil and natural gas is reduced considerably. Only half the present amounts have to be imported in 2050. Altogether the Alternative Scenario represents the minimum requirements from European energy policy, if the goals of a sustainable energy policy should be reached in time.
To achieve an economically attractive growth of RES, a balanced and timely mobilization of all RES technologies is of paramount importance. This mobilization depends on technical potentials, actual costs, cost reduction potentials and technological maturity. In Figure 16 this is demonstrated for RES electricity generation according to the Alternative Scenario. Until 2010 cost-effective hydropower, biomass power plants and wind energy converters are the main contributors to the growth of RES. Hydropower and biomass will then approach their limits (the latter one is increasingly used for fuel production). After 2020 the continuously growing use of wind energy is complemented by electricity from photovoltaics, solar thermal power plants and from geothermal energy.
Global Perspectives of Renewables
Scenarios of global energy supply account in different ways for strategies for sustainable energy supply (Figure 17 ). The main driving force for the growth of energy consumption is the continuous increase in the world's gross domestic product (GDP) which, according to most studies, will be 3 -4 times the current GDP by 2050. Future energy consumption -which differs considerably between the scenarios -depends mainly on the developments in energy productivities in the different sectors of energy consumption. Scenarios with a high increase in energy consumption are characterized by a long-term average growth rate for energy productivity of only 1% (Lovins and Hennicke, 1999) ; SEE ¼ Solar Energy Economy Nitsch and Staiss, 2003) .
per year, whereas scenarios with significantly lower energy consumption assume an annual growth rate for the energy productivity of between 1.5% and 2% (Scenario Factor 4 ¼ 2.2%/y). The German Advisory Council on Global Change also addressed this issue in its recent report on World in Transition -Towards Sustainable Energy Systems (WBGU, 2003) . The council assumes a scenario with a dynamically growing world economy, resulting in an increase of world GDP even by a factor of six (!) until 2050. A part of the increasing energy demand, however, is compensated by the growing energy productivity of 1.5% per year, so that this scenario is comparable with other high consumption scenarios with respect to the level of energy consumption. In nearly all scenarios shown in Figure 17 , RES provides the major share of the energy supplied in 2050, its contribution ranging from 22% in the WEC B scenario to 73% in the Scenario SEE ['Solar Energy Economy', Nitsch and Staiss, 2003) ]. In absolute terms, RES will supply between 185 EJ/y (WEC B) and 614 EJ/y (WBGU) in 2050.
A high share of RES alone does not ensure that all sustainability criteria will be fulfilled. Doubling the total energy consumption by the year 2050 would result in enormous pressure on non-renewable energy resources in spite of the then high proportion of RES. Climate-change targets will not be met, unless carbon sequestration and storage are included in the scenario strategy. The WBGU scenario, for example, presupposes the sequestration and storage of about 200 billion tonnes of carbon (710 billion tonnes of CO 2 ) between 2010 and 2100 in order to achieve the goal of 'acceptable' CO 2 concentrations. The sequestration rate reaches a maximum in 2050 (4.5 billion tonnes CO 2 /y) and then falls off steadily to zero by the year 2100. The Shell scenarios also require CO 2 sequestration and disposal.
To avoid the above measures, a substantial growth of RES is required in parallel to a significant increase in energy productivity, as indicated by the four 'highefficiency scenarios' on the right hand side of Figure 17 . Thus the increase in total global energy consumption until 2050 can be limited to about 50% of the present value. As an example the scenario 'Solar Energy Economy' (SEE) is outlined. The resulting primary energy structure is illustrated in Figure 18 . All suitable energy sources are represented in the 73% covered by RES (465 EJ/y) in the year 2050. The proportions of the individual technologies range from 6% (hydropower) to up to 15% (biomass, geothermal energy, solar-thermal power stations). The technologies employing solar radiation (photovoltaic systems, solarthermal power plants and collectors) provide the largest contributions of together about 30%. Fossil-based primary energy will continue to increase to about 370 EJ/y (coal 115 EJ/y, oil 160 EJ/y, natural gas 95 EJ/y) in the year 2020, before it will start to decline after the year 2030 to similar levels as today. In the year 2050 fossil energy is still expected to constitute with 170 EJ/y a 27% share of the total quantity of primary energy being consumed.
The scenario SEE, used here as an example for a significant expansion in renewable energy, does of course only constitute one possible path to a future energy supply system. Other strategies for meeting the sustainability criteria at least partially (e.g., sequestration of CO 2 from fossil fuel) call for other efforts weighted differently, yet are generally even more sophisticated. The necessary changes in the global energy supply within the next half century can, therefore, only be successfully initiated when, at the very least, the majority of the global community of nations gets together and agrees on quick and effective action.
SUMMARY
The present energy supply and consumption patterns are not sustainable. Already during the coming decades, effective developments must be initiated for the implementation of an environmentally compatible and resource-conscious energy market. There are strong indications that the targeted introduction of renewable energies in combination with a more rational use of energy will be able to achieve the required sustainability criteria. The available energy conversion technologies for supplying (or using more effectively) electricity, heat and chemical energy have more than sufficient energetic potential, good conversion efficiencies, high flexibility and the required ecological compatibility. If sufficient technological development and market penetration can be realised, this will guarantee reliable energy supply at moderate costs, for the foreseeable future. Energy scenarios show, however, that the present growth rates must accelerate considerably, to be able to provide the necessary beneficial results in time. Nevertheless, Europe may be in a good position for reaching these targets, if the already formulated short and medium term goals are further defined and the necessary support instruments for continuity in relevant research and development activities, and for an accelerated market introduction are extended and harmonized.
